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We investigate the resonant cooling phenomena of a driven two-level radiator embedded in a
photonic crystal structure. We find that cooling occurs even at laser-atom-frequency resonance. This
happens due to the atomic dressed-states coupling with different strengths resulting in population
redistribution and cooling. Furthermore, for off-resonant driving the two-level particle can be in
either ground or excited bare-state, respectively. This may help in engineering of novel amplified
optical devices as well as highly coherent light sources.
PACS numbers: 37.10.De, 42.50.Ct, 42.55.Tv
I. INTRODUCTION
The mechanical action of light in resonant interaction
with atoms was investigated for instance in [1]. There,
the laser cooling techniques were described in details.
Various developments of those ideas were further imple-
mented [2] (and references therein). Additionally, laser
cooling effects of trapped ions in a standing- or a running-
wave were studied in [3], while laser cooling of these sys-
tems via a squeezed environmental reservoir was investi-
gated in Ref. [4]. Laser cooling of a trapped atom can
be achieved in a optical cavity as well [2, 5]. Cavity-
mediated laser cooling was further investigated in [6].
Dark-state laser cooling of a trapped ion using standing
waves and cooling by heating in the quantum optics do-
main were recently discussed in [7] and [8], respectively.
The experimental demonstration of ground-state laser
cooling with electromagnetically induced transparency
(EIT) [9] was performed in [10] for single-ion systems
and in [11] for an ion chain. Furthermore, double-EIT
ground-state laser cooling without blue-sideband heating
was proposed in [12] while sideband cooling of atoms with
the help of an auxiliary transition in [13], and Raman
sideband cooling of a single atom in an optical tweezer
in Ref. [14], respectively. Also, laser cooling of solids was
addressed in [15] and [16], respectively.
Now, there is an increased interest to apply the above
mentioned or related techniques to cool artificially cre-
ated systems like nano-mechanical oscillators or quantum
circuit systems [17]. In particular, schemes to ground-
state cooling of mechanical resonators were proposed in
[18]. Ground state cooling of a nanomechanical resonator
in the nonresolved regime via quantum interference was
the topic of Ref. [19]. Cooling a mechanical resonator via
coupling to a tunable double quantum dot was investi-
gated in [20], while ground-state cooling of a mechanical
resonator coupled to two coupled quantum dots was pro-
posed in [21]. The role of qubit dephasing in cooling a
mechanical resonator by quantum back-action was dis-
cussed in [22]. There it was shown that ground-state
cooling of a mechanical resonator can only be realized
if the superconducting flux qubit dephasing rate is suf-
ficiently low. A scheme for the cooling of a mechanical
resonator via projective measurements on an auxiliary
flux qubit which interacts with it was proposed in [23].
Furthermore, a flux qubit was experimentally cooled [24]
using techniques somewhat related to the well-known op-
tical sideband cooling methods. Finally, cooling a quan-
tum circuit via coupling to a multiqubit ensemble was
discussed in [25].
Here, we investigate the cooling dynamics of a two-level
atom via a photonic crystal environment. The two-level
emitter is trapped in such a medium, while the linear di-
mensions of the trapping area inside the material have to
be of the order of several emission wavelengths or even
more. The trapping geometry has to be carefully engi-
neered in order to the Born-Markov approximation being
valid. The trapped two-level emitter is pumped with a
moderately intense coherent laser field that does not de-
stroy the optical material due to insufficient applied in-
tensities. When the corresponding generalized Rabi fre-
quency is larger than the spontaneous decay rate, we have
found an efficient cooling mechanism applicable even for
resonant laser-atom interactions. The reason is various
couplings of the involved atomic dressed-state transitions
with the environmental reservoir leading to different de-
cay rates that are also responsible for improving the cool-
ing efficiency. While the two-level radiator is always in its
lower dressed-state during cooling processes, in the bare-
state frame it can be even in the excited state, i.e. the
two-level atomic system is inverted. This situation is due
to atom’s coupling with the photonic crystal material and
does not occur in free-space. On the other side, in free
space or modified reservoirs efficient cooling occurs when
the generalized Rabi frequency is additionally of the or-
der of the vibrational mode frequency. Note that quan-
tum dynamics in photonic crystal environments was/is
widely investigated (see, for instance, [26–30] and refer-
ences therein) including various possibilities for trapping
of atoms in such media [31, 32]. Moreover, laser cooling of
a trapped particle in a harmonic potential with increased
Rabi frequencies was investigated as well in [33].
2The article is organized as follows. In Sec. II we de-
scribe the analytical approach and the system of interest.
We apply here standard procedures, generalized to pho-
tonic crystals environments, to arrive at a master equa-
tion describing the atomic vibrational degrees of freedom
only. Sec. III deals with the corresponding equations of
motion and discussion of the obtained results. Both the
steady-state and time-dependent quantum dynamics are
analyzed there as well. Finally, the Summary is given in
the last section, i.e. Sec. IV.
II. ANALYTICAL APPROACH
The Hamiltonian describing a two-level atomic system
embedded in a photonic crystal environment and pos-
sessing an induced dipole d, frequency ω0, and interact-
ing with a coherent source of frequency ωL, in a frame
rotating at ωL, and in the dipole approximation is [34]:
H =
∑
k
~δka
†
kak + ~∆Sz + ~Ω(S
+ei
~kL~r + S−e−i
~kL~r)
+ i
∑
k
(~gk · ~d)(a
†
kS
−e−i
~k~r − akS
+ei
~k~r). (1)
Here in the Hamiltonian (1), the first and the sec-
ond terms describe, respectively, the free environmen-
tal electromagnetic field (EMF) vacuum modes with
δk = ωk − ωL as well as the free atomic energy with
∆ = ω0 − ωL. The third one characterizes the in-
teraction of the two-level emitter localized at position
~r with the external coherent laser field, while Ω being
the corresponding Rabi frequency. The last term con-
siders the qubit’s interaction with environmental EMF
vacuum modes reservoir with gk describing the corre-
sponding interaction strength. The atomic bare-state
operators S+ = |2〉〈1| and S− = [S+]+ obey the com-
mutation relations for su(2) algebra: [S+, S−] = 2Sz and
[Sz, S
±] = ±S±. Here, Sz = (|2〉〈2| − |1〉〈1|)/2 is the
bare-state inversion operator. |2〉 and |1〉 are the excited
and ground state of the qubit, respectively, while a†k and
ak are the creation and the annihilation operators of the
EMF, and satisfy the standard bosonic commutation re-
lations, i.e., [ak, a
†
k′ ] = δkk′ , and [ak, ak′ ] = [a
†
k, a
†
k′ ] = 0.
We are interested in the laser dominated regime and
transfer our investigations in the laser-dressed picture:
|2〉 = cos θ|2¯〉 − sin θ|1¯〉 and |1〉 = sin θ|2¯〉 + cos θ|1¯〉
with cot 2θ = ∆/(2Ω). Further, the quantized vibrations
of the atom’s center-of-mass motion are represented as
usual in the Lamb-Dicke limit, i.e. kLr = η(b+b
†), where
b†(b) satisfy the single-mode bosonic commutation rela-
tions [3–5]. Expanding the laser-atom interaction Hamil-
tonian to the second order in the small parameter η as
well as eliminating the EMF operators in the standard
way and in the Born-Markov approximations [34] one ar-
rive then at the following dressed-state master equation:
d
dt
ρ = −i[H0, ρ]−
γ0
4
sin2 2θ{R2zρ− 2Rzρ¯Rz + ρR
2
z}
− γ+ cos
4 θ{R+R−ρ− 2R−ρ¯R+ + ρR+R−}
− γ− sin
4 θ{R−R+ρ− 2R+ρ¯R− + ρR−R+}, (2)
where we have set ~ = 1 and
H0 = νb
†b + Ω¯Rz + iηΩ(R
+ −R−)(b† + b). (3)
Here, the vibrational mode frequency is given by ν with
νb†b being its free energy. An additional second term,
proportional to η2, in Eq. (3) leads to a shift of the oscil-
lator frequency as well as to contributions proportional
to higher orders in η and, thus, was not taken into ac-
count here. Further, the atomic dressed-basis operators
are defined as: Rz = |2¯〉〈2¯| − |1¯〉〈1¯|, R
+ = |2¯〉〈1¯| and
R− = |1¯〉〈2¯| while obeying the commutation relations
[R+, R−] = Rz, and [Rz , R
±] = ±2R±, respectively. γ±
and γ0 are the single-atom dressed-state spontaneous de-
cay rates at the frequencies ωL± 2Ω¯ and ωL [35], respec-
tively, while [1]
ρ¯ =
1
2
∫ 1
−1
dxw(x)eiη(b+b
†)xρe−iη(b+b
†)x. (4)
The angular distribution of the spontaneous emission is
characterized by the function: w(x) = 34 (1 + x
2). Notice
that in free space environments γ0 = γ±. This is not more
the case if the atom is surrounded by a modified environ-
mental electromagnetic field reservoir such as photonic
crystals. Depending on density of modes distributions
around the relevant dressed-state transitions these de-
cay rates can differ substantially leading to inversion in
the bare-states [27]. Finally, in Eq. (2), one have per-
formed the secular approximation, i.e. we have neglected
the terms oscillating at the generalized Rabi frequency
Ω¯ =
√
Ω2 + (∆/2)2 or higher frequencies. This approx-
imation is valid for Ω¯ ≫ γ0,±, i.e. the spectral bands of
the Mollow spectrum [36] are well distinguished.
In what follows, we shall apply the standard proce-
dure to eliminate the atomic degrees of freedom from
the Eq. (2). This is valid when the atomic subsystem is
faster than the vibrational ones. We proceed as follows:
i) expand the exponents in Eq. (4) to the second order
in η; ii) go in a rotating frame at the generalized Rabi
frequency Ω¯; iii) take the trace over atomic degrees of
freedom. Then one obtain the following master equation
for the vibrational mode that still contains the atomic
operators:
d
dt
ρ = ηΩ
(
[B(t), ρ12]e
2iΩ¯t − [B(t), ρ21]e
−2iΩ¯t
)
− αη2
{
(γ+ cos
4 θ +
γ0
4
sin2 2θ)[B(t), B(t)ρ22]
+ (γ− sin
4 θ +
γ0
4
sin2 2θ)[B(t), B(t)ρ11] +H.c.
}
.
(5)
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FIG. 1: (color online) The steady-states of (a) the mean-
phonon number n = 〈b†b〉s and (b) dressed-state 〈Rz〉s (solid
line) as well as bare-state 2〈Sz〉s (long-dashed curve) inversion
operator versus normalized detuning. Here, η = 0.1 whereas
Ω/γ = 5 with γ+ = γ− = γ0 ≡ γ. In (a) the solid, long-
dashed and short-dashed lines are for ν/γ = 2, 6 and 12,
respectively.
Here α = 2/5 and B(t) = be−iνt + b†eiνt while ραβ =
〈α|ρa|β〉ρ with {α, β ∈ 1, 2}, and ρa being the atomic
density matrix operator only. To first order in η, from
Eq. (2), one can obtain:
ρ21(t) = ηΩ{B¯(t)ρ11 − ρ22B¯(t)}e
2iΩ¯t, (6)
where ρ12(t) = (ρ21(t))
†, and
B¯(t) =
be−iνt
Γ⊥ + i(2Ω¯− ν)
+
b†eiνt
Γ⊥ + i(2Ω¯ + ν)
,
with Γ⊥ = γ0 sin
2 2θ + γ+ cos
4 θ + γ− sin
4 θ. Inserting
Eq. (6) in Eq. (5) and keeping only resonant contributions
one arrive at the following master equation describing the
vibrational mode alone:
d
dt
ρ = −A∗−[b
†, bρ]−A∗+[b, b
†ρ] +H.c., (7)
where ” ∗ ” means complex conjugation and
A∗− = Γ0+
(ηΩ)2〈R11〉s
Γ⊥ + i(2Ω¯− ν)
, A∗+ = Γ0+
(ηΩ)2〈R22〉s
Γ⊥ − i(2Ω¯− ν)
,
with Γ0 = αη
2
(
γ− sin
4 θ〈R11〉s + γ+ cos
4 θ〈R22〉s +
γ0
4 sin
2 2θ
)
. The steady-state values of the atomic op-
erators 〈Rαα〉s = 〈α|ρa|α〉s, α = {1, 2}, are obtained
from Eq. (2) without taking into account the vibrational
degrees of freedom, namely [35]:
〈R11〉s =
γ+ cos
4 θ
γ+ cos4 θ + γ− sin
4 θ
,
〈R22〉s = 1− 〈R11〉s. (8)
That is, we have considered that the vibrational degrees
of freedom do not modify the population distribution
among the involved dressed-states that are governed by
the external applied coherent laser field.
In the next section, with the help of Eq. (7), we shall
describe the cooling processes of a pumped two-level
emitter embedded in a photonic crystal.
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FIG. 2: (color online) Same as in Fig. (1) with Ω/γ+ = 5,
γ−/γ+ = γ0/γ+ = 0.2. In (a) the solid, long-dashed and
short-dashed curves are for ν/γ+ = 2, 6 and 12, respectively.
III. COOLING PHENOMENON
In the Heisenberg picture, the master equation (7) can
be represented as follows:
d
dt
〈Q〉 = −A∗−〈[Q, b
†]b〉 −A∗+〈[Q, b]b
†〉+H.c., (9)
where Q is any vibrational operator. Note that, in gen-
eral, for the non-Hermitian operators Q, the H.c. terms
should be evaluated without conjugating Q, i.e., by re-
placing Q† with Q in the Hermitian conjugate parts.
With the help of Eq. (9), one can easily obtain the quan-
tum dynamics of the mean phonon number in the vibra-
tional mode, that is:
d
dt
〈b†b〉 = −
(
A(−) −A(+)
)
〈b†b〉+A(+), (10)
where A(−) = A− + A
∗
−, while A
(+) = A+ + A
∗
+. Evi-
dently, cooling occurs for A(−) > A(+). Particularly, the
cooling rate C = A(−) −A(+) is:
C = −
2(ηΩ)2Γ⊥〈Rz〉s
Γ2⊥ + (2Ω¯− ν)
2
, (11)
where the steady-state dressed-state inversion operator is
given by 〈Rz〉s = 〈R22〉s − 〈R11〉s. One can observe that
cooling occurs always when the two-level emitter is in the
lower dressed-state, i.e. 〈Rz〉 < 0. In the steady-state,
we have from Eq. (10) and Eq. (11) that 〈b†b〉s = A
(+)/C
or:
〈b†b〉s =
〈R22〉s
〈R11〉s − 〈R22〉s
+
Γ0
(
Γ2⊥ + (2Ω¯− ν)
2
)
(ηΩ)2Γ⊥
(
〈R11〉s − 〈R22〉s
) . (12)
In the next subsections, we shall rigorously analyze the
steady-state as well as the time-dependent quantum dy-
namics of the cooling effect characterizing the particular
system described here.
A. The steady-state cooling dynamics
Fig. (1a) shows the mean-number of vibrational quanta
according to Eq. (12) and for standard situations, that
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FIG. 3: (color online) The steady-states of (a) the mean-
phonon number n = 〈b†b〉s and (b) dressed-state 〈Rz〉s (solid
line) as well as bare-state 〈Sz〉s (long-dashed curve) inversion
operator as a function of γ−/γ+. Here, ∆ = 0 and γ0 ≡ γ−
while all other parameters are the same as in Fig. (1).
is, when the pumped two-level emitter interacts with the
usual vacuum modes of the environmental electromag-
netic field reservoir [3, 33]. Cooling efficiency improves,
i.e. n ≪ 1, if the generalized Rabi frequency 2Ω¯ ap-
proaches the vibrational frequency ν while the external
pumping coherent field is evidently off-resonant. As it
was already mentioned, cooling always occurs when the
two-level atom is in its ground dressed-state, and for
free space, the atom is also in its ground bare-state, re-
spectively, (see Fig. 1b where the bare-state inversion
〈Sz〉s = cos 2θ〈Rz〉s/2 is shown as well). For the sake
of comparison, Fig. (2a) shows respectively the cooling
dynamics when the two-level emitter is surrounded by a
photonic crystal environment. The cooling efficiency im-
proves and it is visible there. The steady-state atomic
population behaviors differ from the free space. Par-
ticularly, inversion in the bare-state frame occurs (see
Fig. 2b). Therefore, we shall further look in more details
on the cooling phenomenon via photonic crystals envi-
ronments.
In this respect, Fig. (3a) depicts the mean-vibrational-
phonon number when the two-level emitter is embedded
in a modified environmental electromagnetic field reser-
voir such as photonic crystals. Interestingly, cooling oc-
curs even at laser-atom resonance. This happens because
the decay rates at various involved dressed-state tran-
sitions can differ substantially which is not the case in
free space at resonance. Here, again, the atom is in its
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FIG. 4: (color online) The steady-states of (a) the mean-
phonon number n = 〈b†b〉s and (b) dressed-state 〈Rz〉s (solid
line) as well as bare-state 2〈Sz〉s (long-dashed curve) inversion
operator as a function of γ−/γ+. Here, ∆/(2Ω) = −0.5 while
all other parameters are the same as in Fig. (3).
lower dressed-state while the bare-state inversion is zero
meaning that the atom is equally distributed on the two
bare states (see Fig. 3b). Furthermore, in Fig. (4), we
show the cooling processes when the two-level emitter can
be even in the excited bare-state. This may be of par-
ticular interest for engineering of highly coherent laser
sources, for instance, where the vibrational degrees of
freedom do not influence the photon statistics. Efficient
cooling via modified environmental electromagnetic field
reservoirs occurs also for positive detunings although the
atom will be in its lower dressed/bare-state, respectively.
Thus, cooling takes place for both positive or negative
detunings. This feature is not proper for free space se-
tups, i.e. when the two-level atom is surrounded by the
usual vacuum modes of the environmental electromag-
netic field reservoir. The explanation is as follows: the
laser-dressed atom decays on transition |2¯〉 → |1¯〉 with a
decay rate γ+ cos
4 θ, while on |1¯〉 → |2¯〉 transition with
γ− sin
4 θ, respectively. Cooling occurs when the two-
level emitter is in its lower dressed-state, |1¯〉, because
in this state the phonon generation processes are min-
imized, and, therefore, γ+ cos
4 θ should be larger than
γ− sin
4 θ. In free space γ+ = γ− and, thus, cooling is
achieved for positive detunings only since in this case
cos4 θ > sin4 θ. Note that cos2 θ = (1 +∆/(2Ω¯))/2 while
sin2 θ = (1−∆/(2Ω¯))/2. However, due to coupling of the
dressed-atom with photonic crystal environments, cool-
ing can take place for negative detunings as well and still
γ+ cos
4 θ > γ− sin
4 θ, i.e. when γ+ ≫ γ−.
B. The time-dependent cooling dynamics
The time-dependent quantum dynamics for the mean
values of the dressed-state atomic inversion operator,
dressed-state coherences, as well as the mean-phonon
number of vibrational quanta is described by the follow-
ing expressions (see Eq. 2 and Eq. 10):
〈Rz(t)〉 =
(
〈Rz(0)〉 − 〈Rz〉s
)
e−2γst + 〈Rz〉s,
〈R+(t)〉 = 〈R+(0)〉e−Γ⊥t, with 〈R−〉 = 〈R+〉†,
〈b†b〉t =
(
〈b†b〉0 − 〈b
†b〉s
)
e−Ct + 〈b†b〉s, (13)
where γs = γ+ cos
4 θ + γ− sin
4 θ, while 〈Rz(0)〉 =
cos 2θ〈Sz(0)〉 + sin 2θ
(
〈S+(0)〉 + 〈S−(0)〉
)
, 〈R+(0)〉 =
cos2 θ〈S+(0)〉 − sin2 θ〈S−(0)〉 − sin 2θ〈Sz(0)〉 and 〈b
†b〉0
are the initial conditions for the mean values of atomic
inversion operator, coherences, and vibrational phonon
number, respectively. Notice that the expressions (13)
are valid for t ≫ (2Ω¯)−1 and ηΩ < Max{γ±, γ0} ≪
2Ω¯. Furthermore, our cooling approach requires that
{2γs,Γ⊥} ≫ C which, in principle, can always be ar-
ranged. Particularly, for {Γ⊥, (2Ω¯ − ν)} ∼ γ+ and
〈Rz〉s ≈ −1 one has C ≈ (ηΩ/γ+)
2γ+. When Ω/γ+ = 5
and η = 0.1, cooling occurs for t ≫ 4/γ+. For typical
values of spontaneous decay rates at optical frequencies,
γ+ ∼ 10
8 − 109Hz, cooling is achieved in microseconds.
5IV. SUMMARY
In summary, we have investigated the cooling efficiency
of a laser-pumped two-level emitter placed in a modified
surrounding electromagnetic field reservoir like photonic
crystals. Particularly, cooling occurs for positive or neg-
ative laser-atom detunings as well as at resonance. Fur-
thermore, the two-state particle can be even in the ex-
cited bare-state during cooling processes facilitating sen-
sitive applications towards better coherent light sources
as well as light amplification.
Acknowledgments
G.-x. Li is grateful to the financial support from Na-
tional Natural Science Foundation of China (Grant No.
61275123) and the National Basic Research Program of
China (Grant No. 2012CB921602).
[1] S. Stenholm, Rev. Mod. Phys. 58, 699 (1986).
[2] H. Ritsch, P. Domokos, F. Brennecke, T. Esslinger, Rev.
Mod. Phys. 85, 553 (2013).
[3] J. I. Cirac, R. Blatt, P. Zoller, W. D. Phillips, Phys. Rev.
A 46, 2668 (1992).
[4] J. I. Cirac, P. Zoller, Phys. Rev. A 47, 2191 (1993).
[5] J. I. Cirac, M. Lewenstein, P. Zoller, Phys. Rev. A 51,
1650 (1995).
[6] T. Blake, A. Kurcz, A. Beige, Phys. Rev. A 86, 013419
(2012).
[7] S. Zhang, C.-W. Wu, P.-X. Chen, Phys. Rev. A 85,
053420 (2012).
[8] D. Z. Rossatto, A. R. de Almeida, T. Werlang, C. J.
Villas-Boas, N. G. de Almeida, Phys. Rev. A 86, 035802
(2012).
[9] G. Morigi, J. Eschner, C. H. Keitel, Phys. Rev. Lett. 85,
4458 (2000).
[10] C. F. Roos, D. Leibfried, A.Mundt, F. Schmidt-Kaler, J.
Eschner, R. Blatt, Phys. Rev. Lett. 85, 5547 (2000).
[11] Y. Lin, J. P. Gaebler, T. R. Tan, R. Bowler, J. D. Jost, D.
Leibfried, D. J. Wineland, Phys. Rev. Lett. 110, 153002
(2013).
[12] J. Evers, C. H. Keitel, Europhys. Lett. 68, 370 (2004).
[13] Z. Yi, W.-j. Gu, G.-x. Li, Phys. Rev. A 86, 055401 (2012).
[14] J. D. Thompson, T. G. Tiecke, A. S. Zibrov, V. Vuletic,
M. D. Lukin, Phys. Rev. Lett. 110, 133001 (2013).
[15] S. N. Andrianov, V. V. Samartsev, Quantum Electronics
31, 247 (2001).
[16] G. Nemova, R. Kashyap, Rep. Prog. Phys. 73, 086501
(2010).
[17] Z.-L. Xiang, S. Ashhab, J. Q. You, F. Nori, Rev. Mod.
Phys. 85, 623 (2013).
[18] I. Martin, A. Shnirman, L. Tian, P. Zoller, Phys. Rev. B
69, 125339 (2004).
[19] K. Xia, J. Evers, Phys. Rev. Lett. 103, 227203 (2009).
[20] S.-H. Ouyang, J. Q. You, F. Nori, Phys. Rev. B 79,
075304 (2009).
[21] G.-x. Li, J.-p. Zhu, J. Phys. B: At. Mol. Opt. Phys. 44,
195502 (2011).
[22] Y.-D. Wang, Y. Li, F. Xue, C. Bruder, K. Semba, Phys.
Rev. B 80, 144508 (2009).
[23] Y. Li, L.-A. Wu, Y.-D. Wang, L.-P. Yang, Phys. Rev. B
84, 094502 (2011).
[24] S. O. Valenzuela, W. D. Oliver, D. M. Berns, K. K.
Berggren, L. S. Levitov, T. P. Orlando, Science 314, 1589
(2006).
[25] M. Macovei, Phys. Rev. A 81, 043411 (2010).
[26] E. Yablonovitch, Phys. Rev. Lett. 58, 2059 (1987).
[27] S. John, T. Quang, Phys. Rev. A 50, 1764 (1994); Phys.
Rev. Lett. 78, 1888 (1997).
[28] M. Erhard, C. H. Keitel, Opt. Commun. 179, 517 (2000).
[29] Y. Yang, M. Fleischhauer, S.-Y. Zhu, Phys. Rev. A 68,
043805 (2003).
[30] S. Noda, M. Fujita, T. Asano, Nat. Photon. 1, 449 (2007).
[31] M. Bajcsy, S. Hofferberth, V. Balic, T. Peyronel, M.
Hafezi, A. S. Zibrov, V. Vuletic, M. D. Lukin, Phys. Rev.
Lett. 102, 203902 (2009).
[32] C.-L. Hung, S. M. Meenehan, D. E. Chang, O. Painter,
H. J. Kimble, New Jr. of Phys. 15, 083026 (2013).
[33] T. Blake, A. Kurcz, N. S. Saleem, A. Beige, Phys. Rev.
A 84, 053416 (2011).
[34] M. Kiffner, M. Macovei, J. Evers, C. H. Keitel, Progress
in Optics 55, 85 (2010).
[35] L. L. Jin, M. Macovei, S. Q. Gong, C. H. Keitel, J. Evers,
Optics Commun. 283, 790 (2010).
[36] B. R. Mollow, Phys. Rev. 188, 1969 (1969).
